Cells from the excretory ducts of the pancreas are thought to be capable of differentiating into exocrine and endocrine cells. To study this in rat models, markers must be found to identify the ceh under different arperimental conditions. We tested antibodies to different Cytokeratins (CKs) by immunocytochemical staining on panaeatic tissue sections ftom normal rats, after partial pancreatectomy, and after isolation and culture of duct fragments. Monoclonal antibodies to human CK7, CK19, and CK20 were found to react specifically on rat pancreas tissue, as shown by Westem blotting. CK20 and CK19 were immunocytochemically detected only in ells of the ductal system, from centroacinar cells to main ducts. CK7 was expressed by islets of Langerhans and by duct cells from main, inter-, and intralobular ducts, but not by centroacinar and terminal duct cells. CKs 7,19, and 20 were also expressed in proliferating duct cells during tissue regeneration and after isolation and different periods of culture. We conclude that CKs 7, 19, and 20 are very useful markers to study the differentiation of rat duct cells under experimental conditions in vivo and in vitro. ( J Histochem Cytochem 432454253, 1995) 
Introduction
The epithelium of the excretory ducts represents only a minor fraction of the pancreas but is involved as a primary site in the development of major pathological conditions such as pancreatitis, cystic fibrosis, and cancer (1) . Pancreatic duct epithelial cells are thought to be capable of differentiating to both endocrine and exocrine cells not only during fetal life (2) but also in adults, e.g., after partial pancreatectomy (3) . The possibility of inducing islet neogenesis from adult duct epithelium has therefore been proposed as a potential therapy for insulin-dependent diabetes (4) . Tht mechanisms that regulate pancreatic duct cell growth and differentiation are unknown but could be analyzed in an in vitro model. Isolation of duct fragments or duct cells from the rat pancreas has been reported (5-8). However, the lack of reliable markers for duct cells represents an important problem in these studies. Duct cells were identified by their morphology, whereas functional markers such as carbonic anhydrase and Na+,K'-ATPase were found to be inappropriate to specifically identify duct cells (5,6). The same is true for in vivo experimental models, e.g., for pancreatitis, in which duct cell transdifferentiation is thought to occur but in which reliable duct cell markers are lacking (9,lO) . We report here that commercially available monoclonal antibodies (MAbs) to human cytokeratins (CKs) 7, 19, and 20 represent valuable tools for identification of rat pancreatic duct epithelium, both in vivo and in vitro.
Materials and Methods
Animals. Adult male Wistar rats (10-12 weeks) were used (Proefdierencentrum; Leuven, Belgium). Some animals were subjected to 50% partial pancreatectomy, as described by others (11) . Animal protocols were in compliance with the guidelines of the European Community (no. L358,18/ 12/1986).
Tissue Preparation. The rats were anesthetized by ether inhalation and decapitated. The pancreas was dissected and either immediately frozen in dry ice-cooled isopentane or fiied in phosphate-buffered 2.5% formaldehyde for 4-6 hr at 4°C (final osmolarity -300 mOsmlkg).
Isolation and Culture of Duct Cells. Ducts were isolated with an adaptation of a method developed for isolation of islets of Langerhans (12) . In brief, pancreases were digested with collagenase (25 mgllOO ml, Type V), (Boehringer; Mannheim, Germany) treatment for 30 min at 37'C. The digest was then filtered over SOO-pm meshed nylon screens. The filters were washed several times in isolation medium and then transferred to 5O-ml tubes with isolation medium. Our adaptation for the isolation of ducts consisted of harvesting the attached tissue fragments by shaking and vigorous pipetting, after which lymph nodes and some large blood vessel fragments were discarded by rapid sedimentation. The remaining tissue fragments were centrifuged on an iso-osmotic 1.06 glml Percoll density cushion for 10 min at 1500 rpm to sediment remaining exocrine acinar tissue. The fraction floating on top of the gradient was cultured in suspension culture dishes (Nunc; Napcrville, IL) with HAM-FlO basal medium supplemented with 6 mM glucose, 2 mM L-glutamine. 0.075 glliter penicillin, 0.1 glliter streptomycin, and 10% fetal calf serum (Gibco: Grand Island, NY). Cultures were also prepared in 24-well plates (Falcon: Becton Dickinson, Lincoln Park, NJ) or on Thermanox coverslips (Miles Scientific; Naperville, IL) coated with collagen S ( 5 pg/cm*) (Boehringer).
Bromodeoxyuridine (BrdU) Labeling. BrdU (Boehringer) was added to cultures 1 hr before harvesting at a concentration of 10 pM. For in vivo labeling. a dose of 50 mglkg was injected IV via the penis vein 1 hour before sacrifice.
Preparation of Cultured Cells for Morphological Examination. Suspension-cultured tissue was fixed for 4 hr in 2.5% formaldehyde at 4°C and pelleted in 2% low-gelling-temperature agarose at 40'C in Eppendorf tubes. After solidification of the agarose at 4°C. the pellet was cut out and processed for paraffin embedding. Adherent cultures were detached from the plastic of 24-well plates by treatment with 2.4 Ulml Dispase I1 solution (Boehringer) and then processed in the same way for paraffin embedding. For transmission electron microscopy, material was fixed with 2.5% glutaraldehyde in 0.1 mollliter Na-cacodylate buffer (4'C, 24 hr), postfixed with 2% aqueous os04 (4'C. 1 hr), dehydrated with increasing ethanol concentrations, and embedded in Spurr resin. For scanning electron microscopy. cells or coverslips were fixed with 2.5% glutaraldehyde, postfived with 1% tannic acid in 0.15 mollliter Na-cacodylate buffer (1 hr, 4'C) and 1% os04 (same buffer, 1 hr. 4'C). dehydrated with alcohols, and critical point-dried (Polaron Equipment; Watford. UK).
Immunostaining. Frozen tissue sections (8 pm thick) were treated for 10 min at 4'C with 0.1% Triton X-100 in PBS before fixation in acetone (10 min. 4'C). Paraffin sections were treated for 5 min with aqueous 0.1% trypsin (Sigma; St Louis, MO) supplemented with 0.125% CaC12 to retrieve antigenicity (13) . For BrdU immunostaining, deparaffinized sections were treated with 0.04% pronase E (Sigma) in 0.5 mollliter Tris-HCI buffer (pH 7.4) for 5 min at 37'C. followed by DNA denaturation with 2 N HCI for 30 min at 37'C.
Sections were immunostained with MAbs using the streptavidin-biotin complex (ABC) technique (14) .
Antibodies. We used mouse MAbs to human CK7 (clone OV-TI.12/30; Biogenex. San Ramon, CA). CK2O (clone Ks20.8; Dako, Glostrup, Denmark), CK8 (clone C22; Biogenesis, Bournemouth, UK), CK18 (clone IHC; Biogenesis), CK19 (clone RCK-108, courtesy Dr. F. Ramaekers, University of Limburg, The Netherlands), and CK19lCK4.62 (clone K4.62; Sigma).
We also used MAbs to vimentin (clone V9; Boehringer), BrdU (Euro-Diagnostics; Apeldoorn. The Netherlands) and polyclonal antisemm to amylase (courtesy of Dr. G. Kloppel. Brussels). As secondary antibody, a biotinylated goat anti-mouse IgG (Dako) was applied for ABC staining (dilution 1:300, 30 min. room temperature). Primary antibodies were used at dilutions between 1:20 and 1:100 and applied overnight at 4°C. Staining could still be observed at 1:200 not but at lower titers. Negative controls consisted of omitting the primary antibody.
Western Blotting. Cytoskeletal protein was prepared from isolated ducts by sonication in 0.1 mollliter Tris-HCI buffer supplemented with 0.5% Triton X-100. 0.5 mmollliter EDTA, 0.4 mmollliter PMSF, and 1.5 M KCI, as described previously (15) . Cytoskeletal proteins were then separated on a 10% SDS-polyacrylamide gel and electroblotted to a nitrocellulose membrane, as described (15) . The blotted membrane was incubated with the MAbs to CK7, CK19, and CK20 (diluted 200-fold) for 60 min at room temperature. Second antibody labeled with peroxidase was incubated for 50 min at room temperature with gentle shaking, and peroxidase activity was detected with a chemiluminescence method (ECL; Amersham. Poole. UK).
Results

Immunocytochemical Staining for Cytokeratins in Intact Normal Pancreatic Tissue
In a preliminary study, a panel of MAbs to human cytokeratins 7 , 8, 18, 19, and 20 was tested. The antibodies to CK7 and CK20 were selected because they were the only ones that yielded highly reproducible and specific immunostaining with minimal background on rat tissue. The antibody to CK19 (clone K4.62) also gave a positive signal, but this was less reproducible and there was more background. The other antibodies did not crossreact with rat pancreatic tissue. In frozen sections, CK 7 was localized immunocytochemically on the pancreatic main ducts and the interlobular and intralobular ducts. It was not detected in centroacinar cells or in- tercalated ducts, nor in acinar exocrine cells. A weaker immunostaining was obtained in islets of Langerhans, with all islet cells being positive. In paraffin sections, the same immunoreactivity was found as observed in frozen sections (Figure la) , provided that the tissue was not fixed longer than 4-6 hr with formaldehyde and that the sections were pre-treated with trypsin to retrieve the antigenicity. Longer fixation times, omitting the trypsin step, or omitting the primary antibody completely abolished immunoreactivity.
CK 20 was immunodetected in frozen sections in the main ducts, inter-and intralobular ducts, and also in intercalated ducts and centroacinar cells. It was not detectable in exocrine acinar cells, islets, or other tissue. The same localization as in frozen sections was found in paraffin sections (Figure 1b ). with similar remarks as for CK7 concerning the tissue preparation and negative control. CK19 showed the same localization as CK20 (not shown).
With these antibodies, the reaction product was diffusely located in the cytoplasm but was more concentrated close to the apical cell membrane.
Immunocytochemical Staining for Cytoheratins During Pancreatic Regeneration
After pancreatectomy, focal regions of regeneration were observed close to the resection border. These regions were most common during the first week and decreased rapidly in number thereafter, when the normal tissue structure was regained. These foci consisted of loose connective tissue in which duct-like tubule complexes were embedded. The latter expressed the duct markers CK7, CK19, and CK20, which facilitated their localization at early stages of the tissue remodeling process, i.e.. from Day 2 post operation onward (Figure 2 ). BrdU-labeled nuclei were frequently seen in these ductal cells (Figure 3a) , whereas in normal pancreas they were seldom detected.
Immunocytochemical Staining for Cytokeratins in Isolated Duct Fragments and Afier Culture
Duct fragments were obtained after collagenase digestion of the pancreas and were enriched on filters as suggested by Githens et al. (5.6) . Initially, these fragments appeared as tubular structures (not shown). They were composed of duct epithelium, immunoreactive with antibodies to CKs 7. 19. and 20, and of connective tissue, or they consisted of smaller cell aggregates. The larger fragments were of different sizes and could be identified as derived from main, inter-, and intralobular ducts. After suspension culture for several days, the larger ducts were fragmented into shorter and more spherical structures. In addition, cell aggregates increased in size and added to the collection of spherical structures (Figure 4a ). After about 3-5 days of culture in suspension and washing off the remaining dead cells, these fragments and aggregates were nearly pure (>95%) "duct structures" composed of CK7-, CK19-. and CKZO-positive duct epithelium. with some CK-negative connective tissue (Figures 4b-4d ). On most fragments. some of which could be recognized as blood vessel fragments. an epithelial monolayer had grown ovcr the contaminating connective tissue ( F i p m 4b-4d). BrdU-labeled nuclei were frequently seen in these cultured ductal cells (Figure 3b ).
Electron microscopy confirmed the ductal nature of the cpithelial cells by the observations of abundant microvilli, the presence of cilia, junctional complexes. and the absence of zymogen granules (Figure 5 ) . Acinar exocrine cells rapidly died during the first days of culture, and amylase immunoreactivity was not found after 24 hr of culture (not shown).
When duct fragments were allowed to adhere to plastic or collagen-coated coverslips, monolayers rapidly grew out of them (Figure 6a ). Fibroblasts (vimcntin-positive) were present at the periphery of these monolayers. Epithelial monolayers were identified as ductal in origin by their expression of cytokeratins (Figure 6b ) or by their ultrastructural characteristics of microvilli and cilia ( Figure  7 ). Epithelial monolayers retained their expression of cytokeratins ovcr a period of 2 weeks. after which the cultures were discontinued.
Vimcntin immunostaining occurred only ovcr mesenchymal/ fibroblastic cells and was not observed in the ductal epithelium (Figure 8) . 
Western Blotting
The specificity of the antibodies to CK7, CK19. and CK2O was CK7 CK19 CK20 MWM -97 kDa -66 kDa 1 -45 kDa analyzed on a protein blot. For this purpose, the cytoskeletal, i.e.. Triton X-100-insoluble. fraction extracted from cultured duct fragments was applied on a gel. The MAbs each gave a single protein band ( Figure 9 ) that comsponded to the reported molecular weights of the cytokeratin polypeptides (15) (16) (17) (18) .
Discussion
Cytokeratin expression is tightly coordinated with tissue differentiation, and CKs thus provide valuable tools for cell determination and analysis of cell differentiation (19) . In the human pancreas, the typical cytokeratins of simple epithelia, i.e., CKs 7, 8, 18, and 19. are expressed. Whereas CKs 8 and 18 arc present in all pancreatic epithelial cells, the positive reactivities of CKs 7 and 19 enable one to distinguish between the duct (positive) and other (negative) tissues (16.17) . In the human, CK20 was found in a variety of simple epithelia but not in the pancreas (13.15). We show here that the antibodies to CK7, CK19. and CK20 specifically identify duct cells of the normal and regenerating rat pancreas, as well as after isolation and culture in vitro.
In normal pancreas, CK19 and CKZO were expressed on the entire duct system, i.e., from centroacinar to main ducts, whereas all other tissues were negative. This difference from human pancreas. in which CK20 is not expressed, has been noted previously (13.15) . but its significance is unclear. CK7 was less specific for ducts, since it was also detected (although with lower intensity) on islets o f h gerhans. Interestingly. centroacinar cells and cells from intercalated ducts did not express CK7. This is. to our knowledge. the first reported antigenic difference between these cells and cells from intra-and interlobular ducts.
Tubule complexes involved in tissue regeneration after partial pancreatectomy also expmsed CKs 7. 19. and 20 of duct cells. Such tubule complexes are characteristic of various pancreatic diseases, e.g.. pancreatitis. Whether tubule complexes arise from proliferating ductules or from de-differentiating acini is still a matter of controversy, but our study demonstrates that they express typical duct markers, at least in the partial pancreatectomy model. In addition, their expression of CK7 suggests that the duct complexes involved in tissue regeneration are derived from intralobular ducts. The use of these markers should facilitate the study of the origin of tubule complexes in other experimental models.
By an adaptation of previously reported methods we pment a method for the bulk isolation and culture of duct cells. Their ductal nature was confirmed by CK expression and by transmission and scanning electron microscopy. This contribution also shows that isolated and cultured prolihating duct cells retain their cytokeratin expression. whereas contaminating fibroblasts, as expected, do not express cytokeratins, but only vimentin. We found that CK7. CK19. and CK20 represented usdul markers to evaluate the purity of duct cell preparations immediately after isolation and after prolonged periods of culture. In consequence, it appears that t h e markers are specific and stable in their expression in cells of the duct system and should be of great value for the investigation of duct cell differentiation in vivo and in vitro. Our observations also show that duct cells have a considerable proliferative potential and play an important role in regenerative development of the pancreas. The observation that islets of Langerhans also express CK7 appears to confirm their proposed ductal origin.
